Purpose In the absence of gold standard diagnoses, we estimate age-specific false-positive and false-negative prediction rates of HPV-, cytology-, and histology-based tests for significant cervical lesions (SCL) in US women with AGC-NOS Pap smear diagnoses. Methods Modified Latent Class Model (LCM) analyses, with prevalence of SCL modeled as a function of age, were applied to GOG-0171 study data (n = 122). The accuracies of several HPV-based tests, including Hybrid Capture II high-risk HPV (HC2 H-HPV); carbonic anhydrase IX (CA-IX); and invasive histological diagnosis, were compared. 1-PPV and 1-NPV were written as functions of sensitivity, specificity, and prevalence to obtain age-specific falsepositive and false-negative rates.
future cancer screening studies when gold standard diagnoses are not available.
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Purpose
Women with a cytological diagnosis of atypical glandular cells of undetermined significance (AGC-NOS) have a high prevalence of intraepithelial neoplasia (CIN2, CIN3), adenocarcinoma in situ (AIS), or invasive carcinomas, collectively referred to as significant cervical lesions (SCL) [1] [2] [3] [4] . Yet, a notably high percentage of these women do not have SCL. No SCL was observed in 72 % of AGC-NOS cases in our recent study of US data [5] , while 71 % of AGUS (aka, AGC-NOS) women had no SCL in a meta-analysis of the English literature [6] . Clearly, many women with AGC-NOS do not require the aggressive level of treatment that is often provided to them. It is not clear, however, how to identify them. After a diagnosis of AGC-NOS, additional screening is needed to distinguish between those women who have a SCL from those who do not in order to avoid an unnecessarily high referral rate and overtreatment of healthy women [7] . Our Gynecologic Oncology Group study, GOG-0171, found that additional screening for high-risk HPV (H-HPV) infection by Hybrid Capture II (HC2) among women with AGC-NOS in the US produced an estimated 97 % sensitivity, 87 % specificity, 99 % negative predictive value (NPV), and a positive predictive value (PPV) of only 77 %, when treating histological diagnosis as the truth. Only 1 % (=100 -NPV 9 100) of women with negative HC2 H-HPV status had significant cervical lesions [5] .
Many women with AGC-NOS receive invasive treatment that leaves them infertile. This is an especially important concern for young women when choosing between surgery and fertility preserving observational follow-up. Since PPV varies with prevalence, it is important to know the falsepositive prediction rate (1-PPV) of the screening test as a function of age if the prevalence of SCL varies with age. Negative predictive value (NPV) also varies with prevalence, and therefore, the false-negative rate (1-NPV) of HC2 H-HPV would be a function of age if prevalence varies with age. Our previous global estimate of the false-negative rate for HC2 H-HPV suggests that it is safe for women to forego surgical treatment when they are HC2 H-HPV negative [5] . It is not known, however, whether age-specific false-negative rates would justify such a conclusion for women of childbearing age. It is also not known what the risk a false-positive test result is for women in this age range because age-specific false-positive and false-negative rates of HPV-based and other screening tests are currently not available.
Another problem that is often present but seldom addressed in cancer screening studies is the absence of perfectly accurate gold standard diagnoses. In the current context, for example, histological evaluation of the cervix is not perfect and is subject to an unknown level of diagnostic error. ''Gold standard'' (''G.S.'') diagnoses were based on histological evaluation of the cervix within 6 months of initial cytological diagnosis of AGC-NOS. Although expected to be quite accurate, the ''G.S.'' diagnoses were not totally free from misclassifications. For example, CIN2 is known to be an equivocal diagnosis of precancer, and there is less than perfect agreement among pathologist when evaluating specimens. In general, misclassifications by a ''G.S.'' are known to bias estimates of diagnostic accuracy (i.e., sensitivity and specificity) toward zero, sometimes seriously (see, for example, Valenstein [8] ). Latent Class Model (LCM) analysis was developed by statisticians to address this issue. Gaffikin et al. [9] used LCM analysis to assess the accuracy of several screening tests, including an HPV-based test and a test based on colposcopy/biopsy, and obtained very different estimates of sensitivity and specificity than from the standard analysis with colposcopy/biopsy treated as the gold standard. Unfortunately, classical LCM analysis does not produce the age-specific estimates of false-positive or false-negative rates that are desired in this ancillary study to GOG-0171.
The purpose of the current study is twofold: (1) to introduce a novel modification of the LCM that models prevalence as a function of age; and (2) to apply the modified LCM to estimate age-specific false-positive and false-negative prediction rates of HPV-, cytology-, and histology-based tests for SCL in US women with AGC-NOS Pap smear diagnoses.
To achieve these goals, we will apply LCM analysis to the GOG-0171 study data [5] . One can infer from the probabilistic modeling of Myers et al. [10] that the prevalence of SCL and, hence, 1-PPV, and 1-NPV of diagnostic tests depends on age (See their Fig. 2 ). Thus, we modify the usual LCM, which solves the problem of an imperfect reference test, to allow prevalence of SCL to vary with age. We estimate and compare the sensitivities, specificities, and age-specific 1-PPV (a.k.a., false-positive test rate) and 1-NPV (a.k.a., false-negative test rate) for (1) the histology-based reference test that was used in our previous study [5] (i.e., imperfect ''G.S.''); and for the biomarkers (2) HC2 H-HPV; (3) carbonic anhydrase IX (CA-IX) immunostaining; and (4) several diagnostic tests that are based on HPV genotypes detected by the Roche LINEAR ARRAY (RLA) genotyping test, including two denoted herein by RLA H-HPVG (any one of 13 high-risk HPV genotypes present or not) and RLA HPVG (any one of the 37 known HPV genotypes present or not).
Materials and methods
This study was based on a secondary analysis of data collected according to the GOG-0171 study protocol [5] . A detailed presentation of methods is presented in the online supplemental materials accompanying this paper. The essentials follow:
Patients with a cytological diagnosis of AGC-NOS who were 18 years of age or older and who consented to participate were included in the study. Exclusion criteria are those of our previous study [5] and are summarized in the online supplemental materials.
Assessments for the detection of SCL included histological evaluation of the cervix, HPV testing by HC2 and RLA using liquid-based cytology (LBC; ThinPrep, Cytyc/ Hologic, Marlborough, MA), and immunocytochemical determination of CA-IX expression in conventional Pap smear specimens. We used the histological-based diagnostic test as the ''G.S.'' in our previous evaluation of diagnostic accuracy of HPV and CA-IX [5] . Because the histological diagnoses are not perfect, we will reevaluate the accuracy of this ''G.S.'' test along with that of CA-IX and three HPV-based diagnoses obtained from LBC Pap specimens (HC2 H-HPV, RLA H-HPVG, and RLA HPVG). We also evaluate anew several RLA-based tests defined using subsets of the 13 high-risk HPV genotypes. The histology-based test was defined to be positive if CIN2, CIN3, AIS, or an invasive carcinoma were observed in cervical tissue obtained by a cone/LEEP biopsy, or a hysterectomy, or by a regular biopsy of the cervix. A complete evaluation of the cervical transformation zone was required for negative diagnosis. Conventional Pap smear specimens were immunostained for CA-IX as described previously [5, 7, 11, 12] . The presence of any of the 13 high-risk HPV (H-HPV) DNA types (16, 18, 31, 33, 35, 39, 45 , 51, 52, 56, 58, 59, or 68) was detected using HC2 (Digene Corp., Gaithersburg, MD). This test does not distinguish between the different H-HPV types. RLA genotype tests were performed on 112 of the 122 women for whom HC2 H-HPV results were observed to determine the presence or absence of each of the 37 anogenital HPV genotypes (high-risk or low-risk). Two separate RLA test results were considered initially for the analysis: RLA H-HPVG was defined as positive if any one of the 13 H-HPV types were present, whereas RLA HPVG was positive if any of the 37 types were observed. The RLA tests identify the individual HPV type(s) present in each positive sample [13, 14] . The RLA tests were included to: (1) determine whether the test based on all 37 genotypes (RLA HPVG) performs better than that based on just the 13 high-risk genotypes (RLA H-HPVG), while holding manufacturer, method of DNA detection, etc, constant; and (2) confirm our expectation that RLA H-HPVG performs similarly to the HC2 H-HPV. Inclusion of the RLA data allowed us to search for tests, based on more or fewer genotypes than the 13 high-risk ones that perform better than HC2 H-HPV.
Statistical methods
Initially, three LCM analyses [15, 16] were performed, each including three diagnostic/predictive variables. Two of the three variables in each analysis were ''G.S.,'' that is, the histology-based assessment of the presence or the absence of SCL, and CA-IX. The third test was HC2 H-HPV, RLA HPVG, or RLA H-HPVG in the first, second, or third analyses, respectively. LCM analysis has been recommended for routine use when assessing diagnostic accuracy in the absence of a perfect gold standard [17] . We extend the classical LCM to allow the prevalence parameter to vary as a function of covariates (e.g., age). The EM-algorithm [18] with Monte Carlo approximation in the E-step [19] was used to obtain the maximum likelihood estimates of model parameters. The prevalence of SCL was modeled as a logistic function of age and age squared. Bayes' rule was used to obtain 1-PPV and 1-NPV as functions of prevalence [20] . Bootstrap methods [21] were used to estimate standard errors of the estimators, and the percentile method was used to calculate 95 % confidence intervals for the sensitivities and specificities of each diagnostic test and 95 % confidence bands for 1-PPV and 1-NPV as functions of age. A receiver operating characteristics (ROC) analysis [20] was performed to determine how best to combine information in HC2 H-HPV result with that of the CA-IX test to optimize predictive power.
Results of the above analyses raised the question ''Can the performance of the RLA H-HPVG test be improved by basing it on a subset of the 13 high-risk HPV types?'' To address this question, we performed a logistic regression of histological diagnosis of SCL on indicators of the presence or absence of each of the 13 types. The backward selection strategy was used to obtain a model that included only significantly related types. A test was then defined to be positive if any one of the significant types was positive. A modified LCM analysis was performed to assess the subset test's accuracy for comparison to the HC2 H-HPV and RLA H-HPVG tests. Additionally, six of the most promising subsets of the 13 high-risk genotypes were selected from among the 8,192 possible subsets and compared to HC2 H-HPV and RLA H-HPVG. Selection of the six subsets was based on the screening test derived from them, as defined above, having a sensitivity or specificity greater than HC2 H-HPV when initially using the histology-based diagnoses as the truth. A modified LCM analysis was performed to obtain better estimates of accuracy for each of these six tests. The Youden index (sensitivity ? specificity -1.0) was used as the measure of overall accuracy to compare the tests based on subsets to HC2 H-HPV and RLA H-HPVG. LCM analyses produced estimates of the associations of the ''G.S.'' and each biomarker with the latent true SCL status. These estimates are presented in Table 1 along with bootstrap standard errors and 95 % confidence intervals. The estimates obtained in our previous paper by treating the histological diagnosis as the gold standard [5] also are presented to illustrate the impact of its imperfection on accuracy estimates (Table 1) .
The estimated sensitivity and specificity of the imperfect ''G.S.'' were very good, 100 and 99 %, respectively, with 95 % confidence intervals 98-100 and 96-100 %, respectively. Sensitivity and specificity estimates obtained from the LCM analyses for each biomarker were larger than those obtained by using the histology-based method as a ''gold standard.'' The differences generally were not notable, with the exception of the difference in specificity for the RLA HPVG test (0.67 vs. 0.61). The sensitivity of each of the three HPV-based tests also was excellent. The specificity of each was relatively weak, especially for RLA HPVG. For this test, we estimated a positive result for 33 % of women with no SCL (i.e., 1-specificity = 0.33). HC2 H-HPV and RLA H-HPVG had 1-specificity rates of 13 and 20 %, respectively. CA-IX had weak sensitivity (67 %) and relatively strong specificity (93 %). Still, an estimated 7 % of women with no SCL was diagnosed with an SCL by CA-IX, while an estimated 32 % of those who had a SCL was diagnosed with none. HC2 H-HPV had greater specificity than the other two HPV-based tests and at least equal sensitivity. Its Youden index was greater than that for CA-IX.
The similarity of results in the previous paragraph with those obtained by treating the histology-based test as a true gold standard is not surprising given that the modified LCM results showed that the ''G.S.'' was nearly perfect. This, of course, is not the case in many studies. More generally, biases in accuracy estimates due to imperfection of the reference test can be severe. Modified LCM estimates of sensitivity and specificity of the four screening tests in Table 1 are offered both as refinements of our previous estimates [5] , which are reproduced in the table in the rows labeled ''Liao et al. est.'', and as part of a complete presentation of results that are produced by our modified LCM analysis. Results of the modified LCM analysis presented in Figs. 1-5 are also part of our introduction to modified LCM methods but, more importantly, are new contributions to the literature, that is, age-specific false-positive and false-negative rates of SCL in women with AGC-NOS. The answers to two new post hoc questions: ''Can we improve on the accuracy of HC2 H-HPV by combining it with CA-IX?'' and ''Can we develop a test based on a subset of the 13 high-risk HPV genotypes that improves on HC2 H-HPV or RLA H-HPVG?'' also are presented.
The result of modeling prevalence of SCL as a function of age is illustrated in Fig. 1 . The prevalence peaks at almost 38 % at 28-30 years of age and then declines steadily to about 6-7 % at age 70 (Fig. 1) .
The 1-PPV and 1-NPV curves are shown for the histological diagnoses (i.e., ''G.S.'') in Figs. 2 and 3 , respectively. The sensitivity and specificity of ''G.S.'' are given in Table 1 and, together with Figs. 2 and 3, show that the ''G.S.'' method of diagnosis is nearly a true gold standard, at least for women who are less than 50 years old. Estimated false-positive percentages (100 -100 9 PPV) increase from about 3-4 % at age 50 to about 18 % at age 70 (Fig. 2) . It should be noted here that there were only seven patients C61 years old and that results at these older ages are not precise. This sparseness of data at ages C61 is manifested in the very wide confidence bands after age 60 in Fig. 2 . The reader should keep this in mind throughout the remainder of this section. 1-PPV and 1-NPV plots also were produced for the HC2 H-HPV, RLA H-HPVG, RLA HPVG, and CA-IX-based tests. An overall comparison of the three HPV-based tests showed that HC2 H-HPV had better sensitivity, specificity, and PPV than either RLA H-HPVG or RLA HPVG. The 1-NPV curve for HC2 H-HPV was, for all intents and purposes, equal to those for RLA H-HPVG and RLA HPVG. Thus, for the purposes of the current study, we chose HC2 H-HPV as the HPVbased test for further investigation. The 1-PPV and 1-NPV curves for HC2 H-HPV by age are presented in Figs. 4 and 5 .
The 1-PPV of HC2 H-HPV was about 0.17-0.20 at ages 20-30 years but increased with increasing age up to 70 years (See Fig. 4 ). This means that 17, or more depending on age, out of every 100 HC2 H-HPV-positive women will not have a SCL. Furthermore, based on the fitted curve, the ''false-positive'' percentage is expected to be roughly 35 % at age 55 and range up to 65 % based on the upper 95 % confidence band. The expected rate increases with age and could exceed 65 %, among women who are [55 years of age. On the other hand, 1-NPV was uniformly low, ranging from about 0.0001 to 0.0011 over all ages (See Fig. 5 ). Based on the upper 95 % confidence band, at most 0.425 % of AGC-NOS women who forego invasive excision procedures (i.e., cone/LEEP biopsy, including the transformation zone, or hysterectomy) based on a negative HC2 H-HPV test have a SCL, and the expected percentage is \0.11 % (i.e., 1 in every 909 HC2 H-HPV-negative women are expected to be true positive, and we can be 95 % confident that this error rate is less than 1 in every 235 HC2 H-HPV negatives). The root cause of the unacceptably high 1-PPV of the HC2 H-HPV test was its lack of specificity. While CA-IX showed a lack of sensitivity (68 %), it had a high specificity (93 %). Thus, the question arises ''Can the information in HC2 H-HPV and CA-IX results be combined to develop a test that is both sensitive and specific?'' A ROC analysis showed that the best combination of HC2 H-HPV and CA-IX results classified a woman as positive if HC2 H-HPV was positive and negative if HC2 H-HPV was negative, regardless of the CA-IX result. Thus, CA-IX added no detection accuracy beyond that attainable from HC2 H-HPV alone.
The answer to the second post hoc question, ''Can we develop a test based on a subset of the 13 high-risk HPV genotypes that improves on HC2 H-HPV or RLA H-HPVG?'', appears to be no. The logistic regression of histological diagnoses yes/no codes (1/0) for SCL on yes/ no codes (1/0) for each of the 13 high-risk types resulted in a model that included nine significant types (p \ 0.05): 16, 18, 33, 35, 39, 45, 52, 58, and 59. The test that was defined to be positive if any of these nine types was observed was found to have sensitivity 0.9586, specificity 0.8426, and Youden index 0.8012. The Youden index is less than that for HC2 H-HPV (0.8681) and only slightly higher than that for RLA H-HPVG (0.7946). All of the other six selected subsets had Youden indices within round-off error of that for HC2 H-HPV. Since these six were selected out of 8, 192 possible subsets based on relative performance, the results for them are likely to be sample-specific overestimates of accuracy. Thus, we expect that no subset of the 13 highrisk HPV genotypes is better than HC2 H-HPV.
Conclusions
The current study was conducted as a GOG ancillary data study (GOG ADS-0925) in follow-up to GOG-0171. In this study, we address potential biases in diagnostic accuracy estimates and estimate age-specific false-positive and falsenegative rates of competing screening tests by applying newly developed modifications to LCM analysis methods for assessing diagnostic test accuracy in the absence of true gold standard diagnoses. Differences between LCM and estimates of these parameters that were obtained by using the histology-based test as if it was a gold standard were small for HC2 H-HPV, CA-IX, and RLA H-HPVG, validating the use of histological evaluation as a near perfect reference when assessing the accuracy of these tests. The difference was also small for RLA HPVG sensitivity but was notable for specificity, for which the usual estimate (0.61) varied from the LCM estimate (0.67) by 8.2 %. Overall, our results show that HC2 H-HPV is a highly sensitive and moderately specific predictor of SCL.
It is not generally true, however, that estimates will be accurate when an imperfect ''G.S.'' is used. Valenstein [8] showed that there can be a substantial bias in sensitivity and specificity estimates. In the context of cervical cancer screening, Pretorius et al. [22] argued: ''Studies of VIA that used colposcopic directed biopsy as the gold standard require reevaluation,'' because of imperfections in this ''gold standard.'' Gaffikin et al. [9] observed notable differences between classical LCM estimates of sensitivity and specificity (0.973 and 0.807, respectively) and naïve estimates (0.643 and 0.638, respectively) obtained from a standard analysis with an imperfect reference test (colposcopy/biopsy). While this problem was not expected to be very consequential, because our histological evaluation was quite rigorous, our previous conclusions [5] needed confirmation by an analysis that addresses the issue, that is, LCM analysis. More importantly, age-specific falsepositive and false-negative rates are needed and were produced by our modified LCM. The resulting estimates of age-specific prevalence, false-positive, and false-negative rates are the primary substantive contribution of the current study. In addition, our demonstration that classical LCM analysis can be modified to allow prevalence to be a function of covariates, such as age, is a novel contribution to the cancer screening test literature.
Before proceeding with a discussion of substantive contributions, we present conditions under which the modified LCM methods should be applied in order to avoid bias due to misclassification error in an imperfect reference test. They are as follows: (1) no true gold standard available; (2) at least three screening test results are available; (3) the screening tests are independent given true disease status; and (4) there is a need/desire to model prevalence, 1-PPV, and 1-NPV as functions of covariates. It should be noted that the conditional independence requirement in (3) cannot be tested empirically and must be assumed based on expert knowledge of the tests under consideration and the etiology of the disease. In the current application, we deemed it reasonable to assume that the histology-based test, CA-IX, and each HPV-based test are mutually independent given true disease status. This is not a reasonable assumption for HC2 H-HPV, RLA H-HPVG, and RLA HPVG, however, which are clearly not independent given disease status. In recognition of this conditional dependence among the HPV-based tests, we performed three separate modified LCM analyses, each with three tests: the ''G.S.,'' CA-IX, and one of the HPV tests, for each of the three HPV-based tests. It is important that future investigators give careful thought to whether this assumption is satisfied in their application of LCM or modified LCM analyses.
Our presentation of SCL prevalence, false-positive, and false-negative rates as functions of age in the population of AGC-NOS women are of clinical and scientific importance. The false-negative rate curve is particularly important to younger patients in this high-risk population who may wish to preserve fertility. The fact that the upper 95 % confidence bound on 1-NPV for the HC2 H-HPV test (i.e., the false-negative rate for HC2 H-HPV) is less than 0.0043 at all ages (see Fig. 5 ) means that an HPV-negative woman can be 95 % confident that her chances of having a SCL is less than 0.43 % and that the risk is likely to be less than 0.11 %, even if she is at the age of peak risk (28-30 years) . She can, therefore, feel safe in foregoing invasive treatment in favor of follow-up testing. On the scientific side, the false-positive curve in Fig. 4 suggests that future research is needed to search for additional biomarkers that will distinguish true positives from false positives to avoid overtreatment of test-positive women. A follow-up study to GOG-0171 (GOG-0237) is in progress to determine whether biomarkers such as p16, Ki-67, or MCM2 expression can be used to develop a test with a reduced number of false-positive test results. The general objective of the follow-up study is to develop tests that improve on the ability of HC2 H-HPV to distinguish true-positive test results from false-positives among women who are testpositive, thus lowering 1-PPV and increasing specificity, without decreasing sensitivity.
The relatively low specificity and high 1-PPV of HC2 H-HPV may be due to cross-reactivity with at least 15 untargeted low-risk genotypes [23] [24] [25] [26] . Thus, we compared the specificity and 1-PPV of HC2 H-HPV to those of RLA H-HPVG to determine whether the latter might produce superior results. It did not, suggesting that RLA H-HPVG detection of at least some of the 13 specific high-risk genotypes also may be affected by cross-reactivity with low-risk types. The specificity of RLA H-HPVG was lower and the 1-PPV was generally higher across all ages than for HC2 H-HPV, while the sensitivities and 1-NPVs were essentially the same for these two tests. The same comparisons of HC2 H-HPV to RLA HPVG results showed similar but more pronounced differences due to the fact that the latter targets 24 low-risk HPV genotypes in addition to the 13 high-risk types. Clearly, cross-reactivity with low-risk types or inclusion of low-risk types as targets of the HPV test decreases the accuracy of the test. An interesting question then is ''Can a diagnostic test with better specificity and 1-PPV be derived from RLA H-HPV results by reducing the number of high-risk genotypes used to define a positive result to some subset of the most high-risk types?'' The results of our analyses of tests based on subsets of HPV high-risk genotypes show that the answer to this question is ''no.'' Reducing the number of high-risk subtypes on which an HPV test is based appears not to improve the performance of the test.
The results for HC2 H-HPV more closely approximated those for the ''G.S.'' than did those of any other biomarker considered. CA-IX was strong where HC2 H-HPV was weak (i.e., specificity of 0.93 compared with 0.87 in Table 1 ) and weak where HC2 H-HPV was strong (i.e., sensitivities of 0.68 and 1.00, respectively). The combination of CA-IX with HC2 H-HPV testing, however, did not improve the accuracy of detecting cervical neoplasia in women in the U.S. with an AGC-NOS diagnosis over that of HC2 H-HPV testing alone. It should be noted, however, that there was a suggestion in the Japanese data from the GOG-0171 study that a notable percentage of SCL cases in Japan may be unrelated to HPV infection [27] . Thus, the question ''Can CA-IX be used in combination with HPV to develop and improved screening test for SCL in Japan?'' remains open.
In summary, the histology-based ''G.S.'' was validated as a near perfect reference test. Among the four biomarker tests for SCL considered, HC2 H-HPV alone is recommended as the best noninvasive alternative to histological diagnosis, which involves either a highly invasive cone or LEEP biopsy of the cervix or a hysterectomy. The accuracy of HC2 H-HPV was not enhanced by the optimal test obtained from CA-IX results in combination with HC2 H-HPV, and using subsets of the 13 high-risk HPV genotypes to develop tests did not improve on HC2 H-HPV. Most importantly, in terms of novel contributions, the study presents age-specific SCL prevalence rates, falsepositive rates (1-PPV), and false-negative rates (1-NPV) These age-specific risks have both clinical value to women with AGC-NOS and their physicians, who must decide between invasive and noninvasive treatment alternatives, and scientific value to scientists who wish to develop screening tests that have low false-negative and falsepositive rates at all ages in this or in more general populations. The modified LCM analyses employed in the current study are novel to the screening test literature and offer improvements over methods that ignore potential misclassifications by a reference test, provided that the conditional independence assumption discussed above is valid. When possible, future studies should be designed to allow the use of these methods.
